Abstract-The accuracy and performance of the radial domain truncation technique is presented in the framework of finite-volume time-domain method. In the present approach all the electromagnetic field quantities are co-located in both space and time and the performance is evaluated using unstructured grid. The influence of the radius of curvature of the absorber is investigated using a waveguide and a hornantenna as practical examples. Numerical reflection errors are computed using a reference solutions and the convergence of the results is studied for increasing radius of curvature of the absorber. Low-level effects on the antenna radiation patterns further illustrates the convergence of the technique.
I. INTRODUCTION
The Finite-Volume Time-Domain (FVTD) method belongs to the class of conformal time-domain method which has the advantage of employing unstructured spatial discretization. This helps in modeling complex geometries without stair-casing error which is typical to classical Finite-Difference Time-Domain (FDTD) method. In addition, the FVTD method allows an explicit timediscretization which avoids computational intensive matrix inversions typical to implicit time-domain methods. In the present approach, the electric and magnetic field values are both spatially and temporally co-located. An investigation of radial domain truncation technique in the framework of FVTD method is presented and the influence of the radius of curvature of the absorber is examined. The radial absorber is modeled as an unsplit perfectly matched layer (PML) [1] , [2] , [3] on unstructured finite-volume grid. This model satisfies Maxwell equations both inside and outside the absorber region without any unphysical field-splitting as in the case of Berenger's split-PMLs [4] , [5] . The radial perfectly matched layer technique for the FVTD method [6] has the advantage of simplified update equations, reduced computational domain and geometrymatched modeling for cylindrical and elongated structures. However, it is observed that the radius of curvature of radial absorber has a noticable influence on its performance. Hence, this paper explores the accuracy limitations of the radial absorber based on its radius of curvature and examines the usability of the model for studying practical problems. The structure of the paper is as follows. The mathematical preliminaries of the FVTD method are briefly introduced in Sec. II and the theory of radial absorber is discussed in Sec. III. The influence of the radius of curvature is investigated in Sec. IV by employing radial absorbers of different radii to truncate a rectangular waveguide. The numerical experiment setup presented in Sec. V consists of a horn-antenna example. Numerical reflection and its effect on the computed radiation pattern are analyzed for different radii of curvature of the absorber. Sec. VI concludes the paper with a summary of the findings and discussion of the results.
II. FVTD APPROACH
The basic terminology used in the FVTD method is briefly reviewed in this section in order to make the paper self-sufficient. Interested readers are refered to [7] , [8] , [9] . One of the main goal in computational electromagnetics is to model the continuous Maxwell system using discrete space and time samples. In Each k-th face has an surface area of Sk and a unit outward-normal nk. The term a represents the material parameters namely permeability (,ui) and permittivity (Ei) for the magnetic and electric field update-equations, respectively. The vector Q = [M My: P / 0]T represents the components of magnetization M and polarization P fields inside the medium. The factor 'FUk nk' is called the FVTD flux-function which contributes to the information exchange between adjacent cells. In the present work, the time update is done using a second order accurate LaxWendroff scheme [9] and the spatial discretization involves unstructured triangular meshing of the computational domain.
III. THEORY OF RADIAL ABSORBER
The fundamental idea in the theory of radial absorber is to transform the locally uniaxial absorber material properties [2] to globally radial material properties. In order to do this, the Maxwell system is initially represented in the cylindrical coordinate system and later, a transformation is introduced to represent uniquely the radial system using only the cartesian components [6] . This transformation is in fact, a rotation by an angle o in 2D about the z-axis which affects only the components in xy-plane. The final system of equations representing the radial absorber model is written using the flux-based FVTD update equations as follows, £o Vi k the resulting system corresponds to uniaxial absorber in x and y directions, respectively. Furthermore, these uniaxial absorber models are the limiting case of the radial absorber when the radius of curvature (rc) approaches infinity. In other words, when varying rc from very small value to higher values, the radial absorber model approaches the uniaxial absorber model. This concept is graphically illustrated in Fig. 1 As a practical illustration of the concept introduced in the last section, absorbers with different radius of curvature as shown in the right-hand side of Fig. 1 are used to truncated a rectangular waveguide. The goal of this approach is to study the influence of the radius of curvature rc and compare it against theoretically expected values. Furthermore, the results are compared with those of first-order Silver-Muller Absorbing Boundary Condition (SM-ABC) which is the most commonly used ABC in the FVTD method. The results of this study are presented in Fig. 2 . The loss term (,, is chosen with a quadratic profile such that at normal incidence the theoretical reflection coefficient is -70 dB [4] . By using the plane wave decomposition model of a waveguide mode, changing the frequency of the incident mode is equivalent to changing the angle of incidence with respect to the free spaceabsorber interface. At the cut-off frequency fJ the angle of incidence corresponds to 90 degree and as the frequency of the incident mode increases the angle of incidence asymptotically reaches 0 degree. Consequently, for each frequency (angle of incidence), the theoretical return-loss Sll is uniquely defined for a truncated waveguide and it is shown as dashed line in Fig. 2 radial absorber with the smallest radius. It can be noticed that all the radial aborber models converge towards the theoretically expected value of -70 dB as the frequency of the incident mode increases. In particular, the rate of convergence is quite fast in the case of radial absorber with large radii. Furthermore, there can be another interpretation on the convergence of the results: As the radius of curvature increases, the computed reflection coefficient of the radial absorber converge towards the theoretical curve of the uniaxial absorber (rc = oc)x V. NUMERICAL EXPERIMENT: HORN ANTENNA
The performance of the radial absorber discussed in the previous section is investigated for an antenna radiation problem using radial absorbers with different radii as shown in the Fig. 3 . For the sake of clarity the finite thickness of the radial absorber is not depicted in the illustration. gens contour used to compute the antenna radiation pattern is also shown in the Fig. 3 . Snapshots of the reflected electric field from the radial domain truncation are shown for different radius of curvature in Fig. 4 . The reflected field patterns are obtained by subtracting the corresponding field patterns of the radially truncated model from those of a large reference model where simulation is stopped before the reflections reach the considered domain. The illustrated snapshots are taken after the incident pulse left the considered computational domain. As noticed from the Fig. 4 , there is a focusing effect in the reflected field pattern which originates due to the concave geometry of the radial truncation. However, this focusing effect decreases as the radius of curvatures increases. Furthermore, there is a visible decrease in the reflected field as the radius of curvature increases. The radiation pattern of the horn-antenna excited by fundamental TE10 mode is computed. The numerical results were validated using measurement data for the mainlobe. However, due to the limitations in the measurements chambers the low-level back radiations of the horn-antenna are not accurately resolved. Hence, the numerical results from the larger model are used as reference solution. The results of this analysis are shown in Fig. 5 . The influence of the radius of curvature is only noticable in the lowlevel side-lobe, as expected because the reflections from the radial absorber are well below -40 dB. The radial absorber with the smallest radius rc = 80 mm exhibits the highest deviation from the reference model. As the radius increases the results converge as expected. 
